Colour simulation on CAD computer screens is a potentially important aid to rapid response in product development. Control of screen colour in high-resolution CRT monitors can be achieved on the basis of the principles of additive colour-mixing. The use of trichromatic-unit colour specifications is extended to include RGB drive values and provide a measured feedback signal for correcting colour. Measurement and feedback control are shown to be successful and are employed in the Shademaster CAD system for colour-range development.
INTRODUCTION
Reproduction of colour to exact specifications is a major preoccupation of the textile industry. This is particularly true of the rapidly growing computer-aided-design (CAD) sector. Here designs are simulated on a computer screen in full colour, and a variety of tools is provided for selecting and manipulating colour on screen. Unfortunately, screen colour is not stable or reproducible unless steps are taken to calibrate and control it.
Most current CAD systems use uncalibrated colour. In consequence, designers are unable to define or communicate accurately any pleasing effect that they produce on the computer screen. This limits colour to a simple illustrative role. By contrast, a system with calibrated colour gives precise definitions for all colours seen. They can then be reproduced on other screens, as hard-copy print-outs, and in textile production.
The numerical specifications for colour used in current CAD systems are expressed in terms of red, green, and blue (RGB) or hue, value, and saturation (HVS) combinations. Both refer to gun-drive values, and the colour specified varies over time, depending on the current state of the monitor screen. It also varies from monitor to monitor, depending on type, age, and adjustment.
By contrast, the CIE system of colour specification [1] is independent of any specific reproduction system and is widely used to specify colour in textile manufacture. Colorimeters and spectrophotometers are available for measuring the CIE specification of both screen colours and textile materials. CIE specifications were thus chosen as the ideal method of specifying screen colour, so that it can be readily communicated to those who need to examine and implement a designer's colour ideas.
The problem addressed is how to calibrate a monitor screen so that its colour is precisely defined in terms of CIE co-ordinates. Several different approaches have been tried by other workers in the field. In one, quite widely adopted, approach, a fixed CIE XYZ-to-RGB conversion and a stabilized monitor are used. Another system uses elaborate calibration routines, involving thousands of measurements, but does not address the day-to-day, hour-to-hour, or long-term changes in monitor performance.
In this paper, we introduce a feedback-and-control system which maintains a dynamic XYZ-to-RGB conversion that takes into account the current state of the monitor.
The CIE co-ordinates of the screen are measured with a Minolta CA100 colour analyzer, interfaced to the computer which is driving the screen. This provides feedback information for use by an 'Adaptive Driver' system, which maintains an adaptable mapping for XYZ-to-RGB conversions.
Additive-mixing theory has been successfully applied to the problem, giving a calibration sequence lasting a few minutes, and using a minimum of calibration points. The system can be employed with a wide range of standard monitors.
The work reported here shows that such a feedback-and-control system can maintain screen colour to precise specification and compensate for both short-and longterm changes in monitor characteristics.
PRINCIPLES OF MONITOR CONTROL

Colour-reproduction Control
The papers of Cowan and Rowel [2] , Post and Calhoun [3] , and Hawkyard and Oulton [4] have shown that it is possible to transform CIE colour specifications into RGB gundrive values for a high-resolution colour monitor. The resulting screen colour is a close visual match to a surface colour provided that they have the same CIE coordinates to within a AE (CMC 2: I) of 1.5-2.0 and care is taken to set the screen colour in an appropriate visual context [4] .
Standard transformations [3] of CIE XYZ specifications to gun-drive RGB values do not take account of the fact that monitor colour varies over a substantial range in the first hour from switch-on and as the tube ages or goes out of adjustment.
The principles of additive RGB mixing to produce specified colours are well described by Sproson [5] . In order to provide the fine control required, the screen colour needs to be measured accurately and the RGB drive characteristics altered until the screen reproduces the desired CIE colour specification.
As a typical high-resolution colour monitor is capable of displaying 256 3 = 16.77 million RGB combinations, it is necessary to use additive-mixing theory to reduce the calibration problem to manageable proportions.
Sproson [5] shows that CIE XYZ colour specifications can be transformed exactly into RGB specifications provided that both are expressed in trichromatic units (T-units), i.e. units of colour which have the same relative effect on mixtures. Thus, 1 T-unit each of R, G, and B always produces a neutral when mixed, and, by additive principles [6] , so does a 10:10:10 mixture.
This both simplifies the calibration problem enormously and provides the necessary feedback mechanism to control the gun drives. All that is required is to ensure that at any time the red, green, and blue guns will deliver trichromatic-unit quantities of the appropriate phosphor colour as indicated by the XYZ-to-RGB T-unit calculations.
The relationship between T-unit quantities and numerical-drive values is not only non -linear: it also varies with the nature of the phosphor being excited by the electron beam. It further appears to vary significantly with age, temperature, and other internal monitor variables, and with the variables associated with digital-to-analog conversion in the graphics subsystem which drives the monitor.
Control thus depends on balancing three non-linear functions simultaneously:
B Gun =f (B T ) where R T , G T , and B T are T-unit colour specifications produced by the matrix transformation from CIE XYZ specifications.
The Feedback Signal
We now need to produce a signal that indicates an R T ,G T B T balance on the screen and deviations from balance.
The principle is as follows.
(i) The CIE colour specification (X YZ), which is in T-units, is calculated for a given illuminant, usually artificial daylight, D65.
(ii) D65 has known co-ordinates (x = 0.313, y = 0.329), and a perfect neutral surface has the same co-ordinates.
Thus perfect R T ,G T B T balance is indicated by a screen chromaticity of x=0.313, y = 0.329. The required feedback signal is then given by the screen co-ordinates of a set of neutrals from full gun drive, 255, 255, 255 down to near black, say, 20, 20, 20.
Gun-drive Correction
Not only must the three functions of Equation (1) be balanced at all levels; they must also have the correct over-all shape. This is necessary so that 1 T-unit change in, say, blue has the same effect on mixtures when present at low intensity as when it is present at high intensity. The correct over-all curve shape is given by the CIE Y curve, which is itself expressed in T-units.
Full gun-drive correction can thus be achieved simultaneously at a series of selected calibration points by:
(a) balancing R, G, and B drive values until a neutral balance is achieved; and (b) raising or lowering all three until the over-all Y value of the screen is at the correct value for the selected calibration point.
A matrix relationship is used to relate deviations of balance dX, dY, dZ to required changes in gun value dR, dG, dB.
It is necessary to use a repetitive measure/correct (iterative) loop to achieve the desired balance.
Calibration and Specification of Screen Colour
For a full calibration system, it is necessary to turn any decimal CIE X YZ colour specification into its equivalent gun-drive values. A set of calibration points is thus required on each of the three curves of Equation (1). It has been found in practice [4] that from twelve to twenty points are sufficient to provide accurate interpolation of all possible gun values from T-unit specifications. Thus, by calibrating at a very few points in colour space, the whole 16.77 million possible combinations can be accurately predicted.
Theory predicts that, provided that strict T-unit quantities of R, G, and B are mixed, then the colour will be reproduced with exactly the correct specification on screen. The second part of this paper shows that a very successful CAD system for colour has been developed at UMIST on the basis of these principles.
Breakdown of Additivity
The literature on monitor calibration described above and Rich's paper [7] all consider monitor calibration to be a difficult problem, and many potential causes of additivity breakdown are identified. Whereas these are undoubtedly important, the correct identification of a suitable feedback signal and its application to gun-drive correction are shown below to produce a significant improvement in colour control.
It is clear both from the literature and from work at UMIST that two problems are important in maintaining a good level of additivity. These are:
(i) gun independence, and
(ii) screen-contents independence.
In a well-adjusted colour monitor, excitation of one phosphor leaves the others at minimal emission. i.e. gun independence operates. Further, a high beam current to one colour must not affect the beam current available for either of the other colours.
Screen-contents dependence occurs where the combined beam current (electron stream density) is deliberately limited in the monitor. This is done to prevent distortion of the shadow mask. which ensures beam registration, i.e., gun independence. We have found that very few monitors are satisfactory under these criteria. The best are those based on Trinitron technology (Sony, Eizo, etc.).
A PRACTICAL COLOUR-REPRODUCTION SYSTEM
Control and Feedback in Practice
The control-and-feedback mechanism described above is implemented in the UMIST `Adaptive Driver' system ( Fig. 1 ). This allows screen colours to be specified by their CIE D65 2-deg observer XYZ co-ordinates [1] .
The feedback loop covers the whole process of generating the R, G, B T-unit specifications. including the digital-to-analog conversion in the computer's graphics subsystem. Some other monitor-calibration systems, such as the Barco systems, which is an example of the stabilized monitors described earlier, limit control to within the monitor and do not control the full conversion.
Calibration by means of the Adaptive Driver takes from about three to five minutes, and, provided that the monitor is allowed to `warm up' for about 30 minutes, a calibration is produced which holds good for at least half a day. During warm up, an accurate calibration can be produced, but recalibration is then necessary within half an hour.
Figure 1
The Table I summarizes the average and maximum deviations from input CIE specifications of the measured screen specifications. Table II (next page) shows the detail of the target and measured coordinates for the pale hue circle. Table III shows the detail for the dark hue circle.
Although the three hue circles represent radically different mixing proportions from those at the neutral calibration points, it is clear that there is no fall-off in accuracy of prediction. This is found to be true right out to the gamut limit, where one or more of the gun values drop to zero. 
Applications
It has been shown in extensive industrial trials that the above system of monitor calibration gives a very close visual-appearance match between the screen and textile samples with the same CIE co-ordinates.
The feedback-and-control system, known as the UMIST Adaptive Driver, has been built into a successful commercial CAD system for colour called Shademaster [9] . This is aimed at designers who create colour ideas. It can be regarded as a comprehensive colour atlas, allowing the visualization of millions of precisely defined colours. It also allows colours to be grouped, manipulated, and judged in combination, making the generation of colourways easier.
The system also has significant applications as a colour-communication tool. A colour definition can be faxed to a distant dyehouse and reproduced on any textile substrate, without the need for physical master patterns. The numerical data are fed into a local dye-recipe-formulation system instead of measured input from a spectrophotometer. It is also possible to view and judge visually how far `off shade' a dye submission is, based on CIE co-ordinates transmitted back from the distant dyehouse.
